Much attention has been devoted to how playground swing amplitudes are built up by swinger techniques, i.e. body actions. However, very little attention has been given to the requirements that such swinger techniques place on the swinger himself. The purpose of this study was to find out whether different swinger techniques yield significantly different maximum torques, endurance and coordinative skills, and also to identify preferable techniques. We modeled the seated swinger as a rigid dumbbell and compared three different techniques. A series of computer simulations was run with each technique, testing performance with different body rotational speeds, delayed onset of body rotation, and different body mass distributions, as swing amplitudes were brought up towards °90 .
Introduction
The playground swing has a place in most people's childhood. It allows a swing that is initiated, maintained and controlled by the swinger, but doing it on the playground is one thing, understanding the physics involved is yet another. A little child is able to initiate the swing from standstill and reach considerable heights without knowing any mechanical law. At the same time, the mechanics of swing initiation and amplitude build-up is intriguing enough to justify a whole series of scientific contributions over the last few decades, see e.g. McMullan (1972) , Curry (1976) , Case and Swanson (1990) , Case (1996) , Wirkus et al. (1998) , Piccoli and Kulkarni (2005) , Post et al. (2007) , and references therein.
Conservation of angular momentum about the point of suspension explains how it is possible get moving without a helping hand. When a still-standing swinger initiates body rotation, that angular momentum triggers a simultaneous (oppositely directed) rotation of the whole system's center of mass about the suspension point. After swing initiation, a similar transfer of angular momentum occurs, allowing swing amplitudes to grow with the right back and forth body rotation of the swinger. Body rotations will generally also change the effective distance between the point of suspension and the system's center of mass. This offers another important contributor to amplitude build-up. Put simply, for a single up and down swing, if the center of mass of the swinger is closer to the point of suspension when going up than when going down, the torque of gravity has a net increasing effect on the system energy. With the right rhythm, the swinger may exploit this effect in every period of the swing. This mechanism is usually referred to as parametric (Case, 1980) , since the essence is a (repeated) change of the parameter value that represents the effective length of the pendulum. Still, with reasonable assumptions on the system and swinger motion, Case and Swanson (1990) showed that for smaller swing amplitudes (°< 40 ), system dynamics is dominated by driving terms, also stemming from the swinger's body rotation, rather than the parametric terms. This also applies when the swing is executed by body rotations in a standing position, as shown by Case (1996) . In the standing position, crouching and standing up with the right rhythm provides a pure parametric technique for pumping the swing. Wirkus et al. (1998) ran computer simulations to compare this standing approach with a pure rotational approach for a seated swinger, modeling the swinger's center of mass to be located on the line along the ropes of the swing. They concluded that seated pumping was better at low amplitudes, but that the standing technique was more effective at higher amplitudes.
Much attention has been devoted to the understanding of the influence of swinger techniques on swing amplitudes. For the swinger, however, it is also of interest to know what kind of demands those different techniques place on the swinger. Do different techniques require substantially different abilities from the swinger, or are they essentially similar? Swingers surely differ in strength, endurance and coordinative skills, and, in particular with larger amplitudes, such factors might limit the choice of technique for some swingers.
In this work, we investigate whether different swinger techniques yield significantly different maximum torques, endurance and coordinative skills, and seek to identify whether any technique is preferable over others.
Methods
We model the swinger as a rigid dumbbell with three point-masses 1 m , 2 m and 3 m , letting 2 L and 3 L represent the lengths of legs and torso, respectively (Fig. 1) . The ropes of the playground swing were taken to be massless and rigid with length 1 L . A specified rotational motion of the dumbbell then corresponds to a certain swinger technique that will drive the system.
Mathematical model
The Lagrangian of the swing system illustrated in Figure 1 reads
where 1 θ and 2 θ are the angles indicated in Figure 1 ,
, a notation adopted from Case and Swanson (1990) .
From the Lagrangian, we may derive the swinger torque τ in the standard way as
which gives
In a similar way, assuming zero friction at the point of suspension, the angular acceleration of the ropes may be found from
which allows the angular acceleration to be expressed as
Equations (3) and (5) It should be noted that the swing control problem studied here is quite different from the one that involves another person pushing the swinger. In (5), the control is provided by the swinger alone through the known function ( ) t 2 θ and its time derivatives. When time derivatives of the controls enter the equations, it is usually referred to as impulsive control (Bressan, 1990) See, e.g., Bressan (2007) for a review of the fundamental theory and an application of the basic ideas to the playground swing.
Swinger techniques and comparison
The three swinger techniques studied herein, are based on swinger strategies suggested by Wirkus et al. (1998) and Case and Swanson (1990) . A dumbbell modeling approach was used in both of these works. Wirkus et al. (1998) during the swing in the previous period. This will provide the swinger with an ω that is close enough to the optimal frequency for swing amplitudes to continue growing (as demonstrated by our numerical experiments). The Case and Swanson (1990) technique, without small-angle approximations and with phase correction included, will be referred to as "C1" in the following. As a rationale for our third and final technique, we note that during resonance with C1, body rotation ( Comparison of swinger demands, as dictated by each of these techniques, will particularly emphasize differences in maximum torque (force) required, the endurance needed, and the coordinative skills. For a chosen set of system parameter values, the maximum torque needed by the swinger with C1 will vary with amplitude, whereas with W and C2, it will also vary with the rotational speed of the body. The endurance needed will depend on how long time it takes to reach the desired amplitude (defined as °90 in the present study), while coordination requirements will be strongly related to how critical the timing of body actions is for the buildup of swing amplitudes. System parameter values will of course have an impact on the results, so we also include simulations with different values of N . Each swing session was initiated from rest by use of C1. After one period, the swinger continued with W, C1 or C2, according to the method of choice. When 0 ≠ N , the body center of mass will be under the point of suspension for some non-null 1 θ . We define the bottom position to be that for which the center of mass is at its lowest position, corresponding to a 1 θ close to °1 for the values of N investigated here.
Numerical experiments
In each numerical experiment (E i , 6 ,..., 1 , 0 = i ), all three techniques were simulated with the same set of parameter values. Between experiments, we changed one of k , d and N (see Tables I, II (Case and Swanson, 1990 All simulations were carried out with scripts written in Matlab, solving the differential equations with the Runge-Kutta method of order 4 and 5, which is available in the built-in 'ode45'.
The solution was provided every milli-second.
Results and discussion
In the reference experiment (E0), swing amplitudes grew linearly with time for W and C1, but exponentially for C2 (Figure 2 ). The final amplitude of °90 was reached by W in s 271 , while C1 and 
Conclusion
It was investigated here in this work whether distinct swinger techniques require significantly different maximum torques, endurance and coordinative skills, and whether any preferable technique could be identified. A dumbbell modeling approach was chosen, as previously used also by Case and Swanson (1990) and Wirkus et al. (1998) . One technique (C1) demanded considerably lower maximum torques than the others. It was also nearly as quick to build up swing amplitudes as the fastest technique (C2).
However, it was extremely sensitive to the timing of body actions compared to the other two alternatives.
The model did not include air resistance and changes in swinger body configuration. In reality, the swinger holds on to the ropes with arms that bend and stretch to produce the torque that we compute with our model. Often, the knees also bend and stretch during the swing. These factors will generally differ somewhat between the techniques and mass distribution will be affected. However, the influence on system dynamics is expected to be small. Similarly, the chosen range of swinger body In conclusion, different swinger techniques do place very different demands on the swinger.
Of the three techniques studied, two methods (W and C2) were identified as preferable over the third alternative. Among these two, the choice should be done according to swinger goals and abilities. 
